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ABSTRACT: In this paper the impact of Earth Observing System Microwave Limb Sounder (EOS MLS) observations on
ozone analyses is investigated using the Met Office data-assimilation system. EOS MLS was launched in 2004, and produces
high-quality ozone observations in the upper troposphere and stratosphere at high vertical and horizontal resolution. The
experiments shown here are run using 3D-Var and a forecast model that has 50 levels – from the surface to approximately
63 km – and a horizontal resolution of 2.5° latitude by 3.75° longitude. Most of the experiments are run for the period
January–February 2005.

The chief impact of assimilating EOS MLS data is a reduction of the mean analysis error, and of the standard deviation,
in the lower stratosphere. Compared with control simulations, mean errors drop by 5%–25% in the Southern-Hemisphere
extratropics, by around 10% in the Northern-Hemisphere extratropics, and by around 50% (with respect to ozonesondes)
in the region of the tropical upper troposphere and lower stratosphere.

Further investigation shows that the improved ozone analyses in the Southern Hemisphere largely result from a much
better representation of summertime low-ozone events. These events have been documented in the northern summer
stratosphere, but never before in the southern summer stratosphere. In the Northern Hemisphere the addition of EOS MLS
to the assimilation system is shown to lead to a better representation of winter polar ozone depletion. At low latitudes, it
appears that errors in the background model transport fields often lead to errors in the ozone analysis, but that the addition
of high-density, good-quality EOS MLS data alleviates much of this error. It is noted that the EOS MLS data have a more
beneficial impact on ozone analyses in this region than do data from the Michelson Interferometer for Passive Atmospheric
Sounding, which has a similar resolution and observational error to EOS MLS.  Crown Copyright 2007. Reproduced
with the permission of Her Majesty’s Stationery Office. Published by John Wiley & Sons, Ltd.
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1. Introduction

In recent years, ozone observations have been assimilated
into a variety of different systems. These include general
circulation models (GCMs), which incorporate simplified
ozone chemistry (e.g. Jackson, 2004; Geer et al., 2006a;
Geer et al., 2006b; Geer et al., 2007; Dethof and Holm,
2004), and chemical transport models (CTMs), which
incorporate detailed ozone chemistry but which are driven
by off-line winds (e.g. Eskes et al., 2003; Errera and
Fonteyn, 2001). A variety of data-assimilation techniques
have also been used to produce the ozone analyses. These
include 3D-Var (e.g. Jackson, 2004; Geer et al., 2006a;
Geer et al., 2006b; Geer et al., 2007; Dethof and Holm,
2004), 4D-Var (e.g. Dethof, 2003; Errera and Fonteyn,
2001), the Kalman filter (e.g. Eskes et al., 2003), and the
physical-space statistical-analysis scheme (e.g. Stajner
et al., 2001). A benefit of the assimilation approach is that
it can provide four-dimensional quality-controlled ozone
analyses that make use of all ozone observations available
to the assimilation system.
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In addition, if the ozone is assimilated as part of a
GCM system, there is the potential to improve analyses of
other fields, such as temperature and wind. The primary
reasons for this are:

• more accurate assimilation of satellite radiances from
channels that are sensitive to ozone;

• utilization of correlations between ozone and wind to
improve wind analyses in the upper troposphere and
lower stratosphere (UTLS) (e.g. Riishojgaard, 1996);
and

• more accurate radiative heating rates, and hence tem-
peratures arising from using analysed ozone rather than
climatological ozone in the forecast model radiation
scheme (often referred to as ‘ozone/radiation interac-
tion’).
In practice, it has been difficult to demonstrate

these benefits: operational numerical weather-prediction
(NWP) systems tend to use satellite data from channels
that are not strongly sensitive to ozone; the difficulty
of specifying error correlations between ozone and wind
can lead to degraded rather than improved wind analy-
ses (e.g. Holm et al., 1999, 2000); and recent trials have
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shown that the ozone/radiation interaction has little clear
positive impact on temperature analyses and forecasts
(e.g. Morcrette, 2003) – Cariolle and Morcrette (2006)
state that in order to adequately represent the ozone radia-
tive heating in the UTLS, ozone profiles with a vertical
resolution of around 1 km need to be assimilated.

Furthermore, a potential by-product of a better repre-
sentation of ozone in the NWP system is improved analy-
ses and forecasts of surface ultraviolet (UV) radiation, but
because the benefits listed above are hard to demonstrate,
many operational NWP centres avoid the computational
expense of adding ozone to their assimilation system,
and the methods they use to provide surface UV fore-
casts often include a statistical, instead of an explicit,
representation of ozone (e.g. Austin et al., 1994).

Operational NWP systems, by their nature, must assim-
ilate data that are available in near-real time. For
ozone, these datasets include total-ozone observations
from the Total Ozone Mapping Spectrometer (TOMS)
and the Global Ozone Monitoring Experiment (GOME),
partial ozone columns from the Solar Backscatter Ultra-
violet Radiometer (SBUV), and satellite radiance mea-
surements from ozone-sensitive channels such as the
High-Resolution Infrared Sounder (HIRS) channel 9.
These observations all have coarse vertical resolution,
and thus the assimilation scheme has to rely on the
ozone background-error covariances to distribute the
observation–analysis increment in the vertical. This is
difficult, and it frequently happens that the vertical dis-
tribution of the analysis increment is unrealistic and that
the increment can smear out realistic vertical structure
(e.g. Dethof and Holm, 2004).

Several ozone-assimilation studies have been carried
out using ozone measurements from research satellites,
which often have a better vertical resolution than the
operational data mentioned above. For example, Struthers
et al. (2002) assimilate data from the Upper Atmospheric
Research Satellite (UARS) Microwave Limb Sounder
(MLS), and Geer et al. (2006a) describe a series of
assimilation experiments that use data from the Michel-
son Interferometer for Passive Atmospheric Sounding
(MIPAS). In the latter study, an intercomparison is made
of ozone analyses from many different analysis systems
(CTM and GCM; 3D-Var, 4D-Var and Kalman-filter data
assimilation; comprehensive, simplified and absent ozone
chemistry). They find that in areas where MIPAS data
quality is good, similar results are found irrespective of
the ozone-assimilation system used. However, larger dif-
ferences are seen in regions where MIPAS data are of
low quality or where uncertainties in the modelling of
ozone are higher, such as the troposphere, the tropical
tropopause, the ozone hole, and the upper stratosphere
and mesosphere.

In this paper, we assimilate ozone data from the Earth
Observing System (EOS) Microwave Limb Sounder
(MLS). This instrument is mounted on the EOS Aura
satellite, which was launched on 15 July 2004. It provides
observations between the upper troposphere and the
lower mesosphere, with a vertical resolution of 3–4 km

(in the stratosphere) and comparatively high horizontal
resolution (165 km along the suborbital track). The Aura
satellite flies in a polar orbit, and orbits the Earth about
14 times per day. The aim of this study is to use
the Met Office data-assimilation system to identify the
improvements to ozone analyses that result from adding
EOS MLS ozone data to the assimilation system. The
results are potentially of great interest to operational
NWP centres, for two reasons:

• if a clear positive impact to ozone analyses from EOS
MLS data is shown, then there may be more chance
of realizing the above-listed positive impacts of ozone
analyses on other assimilated fields (for example, via
the ozone/radiation interaction);

• although the EOS MLS data are generally not available
in near-real time, any benefits from assimilating these
data could very well also accrue from assimilating
data from the next generation of satellite instruments,
such as GOME II and the Infrared Atmospheric
Sounding Interferometer (IASI), which fly on the
recently-launched Metop satellite and which will be
available in near-real time to operational centres.
The structure of this paper is as follows. The EOS MLS

ozone data are described in Section 2, together with other
observational data that are used to evaluate the observa-
tional analyses. The Met Office data-assimilation system
is described in Section 3. The experimental results are
presented in Section 4: first, the ozone analysis errors
are summarized; then the ability of the assimilation sys-
tem to represent low-ozone events (LOEs) in the south-
ern polar stratosphere, Northern-Hemisphere polar ozone
depletion, and ozone in the tropical UTLS is examined
in more detail. Conclusions are given in Section 5.

2. Ozone datasets used

2.1. Assimilated data

In the data-assimilation experiments described in this
paper, ozone data from both EOS MLS and SBUV
instruments are assimilated. Details of these datasets are
given below.

2.1.1. EOS MLS

The EOS MLS ozone profiles assimilated here are ver-
sion 1.51 (for the January–February 2005 and January
2006 experiments) and version 1.52 (for the June 2006
experiment). There is no difference in the ozone pro-
files between the two versions. EOS MLS is on the
NASA Aura satellite, which flies in a near-polar sun-
synchronous orbit. There are around 14 orbits per day;
on each orbit EOS MLS observations span a region from
82 °S to 82°N; retrievals are made every 165 km along
the suborbital track (Waters et al., 2006). The vertical
resolution of the profiles is around 3 km in the UTLS,
degrading to around 4 km at 215 hPa and 6 km in the
mesosphere. An initial assessment of these profiles has
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been carried out by Livesey et al. (2005) and Froide-
vaux et al. (2006). The profiles are considered to be
useful in the 215–0.46 hPa range. The retrievals have
an overall accuracy of around 1% in the stratosphere,
and typically less than 10% in the upper troposphere
(although sometimes the accuracy is 30%–40% in the
200–300 hPa range). Comparison with other satellite
data shows that in the stratosphere agreement is gener-
ally within 5%–10% with data from the Halogen Occul-
tation Experiment (HALOE), the Stratospheric Aerosol
and Gas Experiment (SAGE II), the Polar Ozone and
Aerosol Measurement (POAM III) and the Atmospheric
Chemistry Explorer (ACE). The bias with respect to these
datasets tends to be slightly positive in the lower strato-
sphere and slightly negative in the upper stratosphere.
There is also overall good agreement with balloon-borne
ozone measurements made at Fort Sumner, USA. At
215 hPa, limited comparison with Southern-Hemisphere
Additional Ozonesondes (SHADOZ) indicates that EOS
MLS has a positive bias (sometimes up to 100%) in the
Tropics.

Version 1.52 retrievals have recently been superseded
by version 2.2 retrievals. The version 2.2 ozone retrievals
are typically in better agreement with correlative mea-
surements; and in particular the error in the vertical
gradient of stratospheric ozone (which leads to positive
biases in the lower stratosphere and negative biases in
the upper stratosphere) is reduced (e.g. Froidevaux et al.,
2007; Jiang et al., 2007; Livesey et al., 2007).

2.1.2. SBUV

SBUV/2 is a nadir-viewing instrument that infers the
ozone vertical profile by measuring sunlight scattered
from the atmosphere in the middle ultraviolet. The
retrievals are provided in 12 layers, but are combined
at the European Centre for Medium-Range Weather
Forecasts (ECMWF) into 6 layers in order to reduce
observation correlations. The 6 layers are: 0.1–1 hPa,
1–2 hPa, 2–4 hPa, 4–8 hPa, 8–16 hPa, and from 16 hPa
to the surface. The horizontal resolution is approximately
200 km. Contributions to the total error include calibra-
tion errors (due to instrumental drift), which range from
2% at 100 hPa to 5% at 0.5 hPa, and biases due to the
solar zenith angle. A change in zenith angle from 30°

to 60° can lead to systematic errors of between −1%
and 1%, dependent on the channel. A comparison with
SAGE data shows total r.m.s. errors of 5%–15% in the
100–0.3 hPa range (Bhartia et al., 1995; Bhartia et al.,
1996).

2.2. Independent data for comparison

In Section 4, the assimilation results are evaluated by
comparison with independent data from ozonesondes,
HALOE and TOMS. These are described below.

2.2.1. Ozonesondes

Ozonesonde profiles have been obtained from the World
Ozone and Ultraviolet Radiation Data Centre (WOUDC
http://www.woudc.org). Most sondes are of the electro-
chemical-concentration-cell (ECC) type, but some are
carbon-iodide or Brewer–Mast sondes. The total error
for the ECC sondes is estimated to be between −7%
and 17% in the upper troposphere, ±5% in the lower
stratosphere up to 10 hPa, and between −14% and 6%
at 4 hPa (Komhyr et al., 1995). Errors are higher in
the presence of steep ozone gradients and where ozone
amounts are low. Furthermore, a laboratory comparison
of the three sonde types (Smit et al., 1998) shows that the
precision of the non-ECC sondes is about ± 10%–15%,
compared to ± 5% for the ECC sondes. The precision
is best for all sondes in the middle stratosphere, where
ozone is maximal. The results of short-term ozonesonde
intercomparison campaigns (e.g. Beekmann et al., 1994;
Kerr et al., 1994; Smit et al., 1998) indicate that in the
lower stratosphere (12–27 km) the systematic difference
between sonde types is less than 5%, and the random
variability from one sonde to another is less than 5% for
all sonde types.

2.2.2. HALOE

Version 19 HALOE retrievals are used here. The com-
bined systematic and random uncertainty of single ozone
profiles is between 9% and 25% in the lower stratosphere
and between 9% and 20% in the upper stratosphere. The
agreement with correlative measurements is typically bet-
ter than 10% down to 200 hPa in the extratropics and
down to 100 hPa in the tropics and subtropics (Bruhl
et al., 1996; Bhatt et al., 1999). HALOE data are avail-
able for the period from 11 October 1991 to 21 November
2005.

2.2.3. TOMS

TOMS measures back-scattered ultraviolet radiances with
high horizontal resolution (38 km by 38 km) and daily
near-global coverage. Version 8 of the Level-3 total-
ozone-column product is used here. This has partial
corrections for calibration problems in the post-2000
TOMS data from the Earth Probe satellite, and improved
retrievals under extreme conditions compared with ver-
sion 7. A full validation of TOMS version 8 has not
yet been published, but version-7 uncertainties have been
estimated as about 2% for the random errors, 3% for
the absolute errors, and somewhat more at high lati-
tudes because of the higher zenith angle (McPeters et al.,
1998).

3. The Met Office assimilation system

The Met Office NWP system has recently been extended
to allow the assimilation of ozone (Jackson and Saun-
ders, 2002; Jackson, 2004; Geer et al., 2006a; Geer
et al., 2006b; Geer et al., 2007), but ozone is not
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assimilated operationally. Here, EOS MLS ozone profiles
and SBUV ozone densities are assimilated, together with
all operational dynamical observations, using a strato-
sphere–troposphere version of the Met Office assimi-
lation system. The assimilating forecast model has a
horizontal resolution of 3.75° longitude by 2.5° latitude,
and 50 levels in the vertical, from the surface to around
0.1 hPa. The model dynamical equations, including the
transport scheme, have a semi-Lagrangian formulation
(Davies et al., 2005). The data assimilation uses 3D-Var
(Lorenc et al., 2000) with a time window of 6 h centred at
the analysis time. Therefore, the greatest time error for an
assimilated observation will be 3 h. Ozone is assimilated
in a univariate manner, and no ozone/radiation interaction
is included. Background-error covariances are uniform
for all latitudes and longitudes, and are based on vertical
covariance data supplied by ECMWF.

The system is otherwise as described in (Geer et al.,
2006a), except that no MIPAS data are assimilated, and
the error in the ozone photochemistry parametrization
scheme (Cariolle and Deque, 1986) has been fixed.
Details of the impact of this correction appear in (Geer
et al., 2007). In addition, there is no parametrization of
ozone destruction due to heterogeneous chemistry.

The assimilation code for the EOS MLS profiles is
based on that used to assimilate retrieved profiles from
MIPAS. The observation error is taken directly from the
precision estimate supplied by the EOS MLS Science
Team, and no bias correction related to the biases reported
above is carried out.

The SBUV data are subjected to a quality-control
procedure prior to use in the assimilation system, and
observations with a solar zenith angle greater than 84°

or with a quality flag greater than 0 are blacklisted. This
blacklisting procedure follows what is done operationally
at ECMWF (e.g. Dethof, 2003).

The initial conditions for the assimilation experiments
are as follows. For the January–February 2005 and Jan-
uary 2006 experiments, the mass and wind fields are
taken from the daily stratospheric analyses that were
produced operationally by the Met Office until March
2006 (e.g. Swinbank et al., 2004). For the June 2006
experiment, these fields are taken from the operational
Met Office troposphere–stratosphere analysis, reconfig-
ured from its original resolution of 0.375° latitude by
0.5625° longitude to a resolution of 2.5° latitude by 3.75°

longitude. In all experiments, the ozone initial conditions
are taken from the monthly-mean zonal-mean climatol-
ogy of (Li and Shine, 1995).

4. Results

In this section, results from three assimilation trials are
described. In the first trial (CTRL), background ozone is
calculated by the forecast model but no ozone data are
assimilated; in the second (SBUV), ozone data from SBUV
are assimilated; and in the third (MLS), SBUV and EOS
MLS ozone data are assimilated. The assimilation trials

are run for a month, from 26 January 2005 to 25 February
2005.

In Section 4.1, an initial comparison of the three
runs is made via inspection of analysed zonal-mean
ozone fields and of ozone analysis errors with respect to
ozonesonde, HALOE and EOS MLS data. Then a more
detailed investigation is made of regions where there are
particularly striking differences between the assimilations
made with and without EOS MLS data. These regions are
the summer polar stratosphere (Section 4.2), the winter
polar stratosphere (Section 4.3), and the tropical UTLS
(Section 4.4).

The three-way comparison of the runs CTRL, SBUV

and MLS is restricted to one month because of the
computational expense involved in running these trials.
However, MLS has been run for two other periods: January
2006 and June 2006. In Section 4.5, results from these
periods are summarized, in order to ascertain whether
the conclusions from the January–February 2005 trials
are robust.

4.1. Ozone analysis errors

Figure 1 shows the monthly-mean zonal-mean ozone
fields from the three analyses. All analyses make a
reasonable job of reproducing the broad structure of the
observed ozone field (e.g. Grooss and Russell, 2005),
such as the ozone maximum near 30 km in the Tropics,
and the ozonepause, whose structure follows that of the
tropopause.

The differences between runs CTRL and SBUV show that
ozone is reduced in the lower stratosphere when SBUV
is assimilated. This may indicate that the ozone values in
the initial conditions are too high and that the SBUV data
are doing a reasonable job of correcting this bias. This is
confirmed by Figures 2 and 3, which show analysis errors
compared to ozonesondes and HALOE, respectively.
Mean errors for SBUV are similar to or smaller than
those for CTRL in most parts of the lower stratosphere.
Exceptions are in the Northern Hemisphere near 100 hPa
(for both ozonesondes and HALOE) and in the Tropics
between around 30 hPa and 10 hPa (for HALOE only).
Figures 2 and 3 show that the standard deviations of the
errors for SBUV are similar to or slightly smaller than those
for CTRL. This shows the marginal positive benefit to the
analyses from assimilation of SBUV data.

Figure 1 shows that analysed ozone amounts in the
mid- and high-latitude stratosphere drop even further
when EOS MLS data are assimilated. Figures 2 and
3 show that at levels up to around 35 km (or 5 hPa)
the overestimation of ozone at southern latitudes is
considerably smaller in MLS than in the other two runs.
The standard deviation of the errors is clearly smaller
when compared to HALOE, and smaller at many levels
when compared to ozonesondes. These results indicate
that there is a mechanism for ozone loss that is not
represented in CTRL (and therefore, since no ozone is
assimilated in CTRL, not represented in the forecast
model). A possible mechanism is chemical loss over the
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Figure 1. Zonal-mean ozone averaged over the period 1–25 February 2005: (a) run CTRL; (b) run SBUV; (c) run MLS; (d) difference between runs
SBUV and CTRL; (e) difference between runs MLS and CTRL; (f) difference between runs MLS and SBUV.

summer pole during periods of very long days (Orsolini
et al., 2003; Orsolini and Nikulin, 2006), which gives
rise to LOEs at high summer latitudes. The papers just
cited document LOEs in the northern summer; the present
paper is the first to report them in the southern summer
stratosphere. The simulation of these LOEs is discussed
further in Section 4.2.

Moving on to the Northern Hemisphere, Figure 1
shows that zonal-mean ozone values at northern polar
latitudes are lower for SBUV and MLS than for CTRL. This
could be attributed to ozone loss by heterogeneous chem-
istry, which is not represented in CTRL but is included, via
the information from the SBUV and EOS MLS obser-
vations, in the other two runs. The 2004–2005 winter
was the coldest on record (e.g. Manney et al., 2006), and
lower-stratospheric air during the experimental period
was cold enough for polar stratospheric clouds (PSCs)
to form. Figures 2 and 3 indicate that this loss is best
represented in MLS, since the error standard deviation for
this run is smaller than for the other two runs throughout
the stratosphere. The mean error for MLS is also smallest
in large parts of the stratosphere: below the 30 hPa level
when compared to ozonesondes and between 30 hPa and
5 hPa when compared to HALOE. The difference in these
results below the 30 hPa level is partly explained by the
different spatial sampling of the HALOE and ozonesonde
data used to calculate the mean errors. There are no
HALOE data available north of 60°N during the analysis
period, but several ozonesonde ascents are available at

these locations. Thus, the impact of large differences
between MLS and the other runs at these latitudes (see
Figure 1) will be captured by the errors calculated with
respect to ozonesondes, but not with respect to HALOE.
Figure 1 shows that at lower levels the vertical gradient
of ozone across the tropopause is stronger in MLS than
in CTRL and SBUV. Error standard deviations and mean
error (compared to ozonesondes) in the UTLS are small-
est for MLS, again indicating that the addition of MLS data
improves the quality of the assimilation in the northern
mid-latitude UTLS.

Figure 1 also shows that the vertical gradient of ozone
near the tropopause is much stronger in MLS than in
CTRL and SBUV. The latter two runs may have a weak
gradient due to a combination of poor transport in the
background field (Geer et al., 2006a, section 5.6) and
the low resolution of the SBUV data at these levels.
It appears that the higher-resolution EOS MLS data,
on the other hand, can resolve the ozone-field structure
better. As a result, at low latitudes, ozone in this run is
0.1–0.2 ppmv lower than in the other two runs. Figure 2
shows that in the Tropics the ozone in CTRL and SBUV is
considerably overestimated, particularly near the tropical
tropopause (around 100 hPa) where the analysed ozone
is more than 70% greater than the ozonesonde values,
whereas this error is reduced by over 50% when EOS
MLS data are also assimilated. In addition, the error
standard deviation for MLS is reduced by up to 40%
compared with the other two runs.
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Figure 2. Analysis errors (with respect to ozonesonde data) for the runs CTRL (solid lines), SBUV (dotted lines), and MLS (dashed lines). The errors
are normalized by the independent data and are expressed as a percentage. Errors for the Southern-Hemisphere extratropics (30 °S–90 °S), the
Tropics (30 °N–30 °S) and the Northern-Hemisphere extratropics (30 °N–90 °N) are shown in the upper, middle and lower panels, respectively;
the mean and standard deviation of the errors are shown in the left and right columns, respectively. For the mean errors, positive values indicate

that the analysed ozone is less than the observed ozone.

Compared with HALOE (Figure 3), the error mean and
standard deviation in the lowermost tropical stratosphere
is also smaller in MLS. However, the HALOE data quality
degrades in the troposphere, and so no high-quality
data are available for comparison below 20 km. In this
instance, it is useful to also calculate analysis errors
with respect to EOS MLS data. Although these data are
included in MLS, their latitudinal coverage is much greater
than for the ozonesonde and HALOE data, and therefore
a better assessment of the errors in the Tropics can be

made. A comparison of these errors for MLS and CTRL

(Figure 4) shows that there is a reduction of up to 80%
in the mean error and the error standard deviation in the
tropical UTLS. The errors for MLS in this region are also
considerably smaller than those for SBUV (not shown).

Above the middle stratosphere (35 km, or 10 hPa),
Figure 1 shows little difference between the three anal-
yses, except in northern polar latitudes, where ozone
is 0.1–0.2 ppmv lower in MLS. This may indicate the
effect of downward transport of low ozone from higher
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Figure 3. Analysis errors (with respect to HALOE data) for the runs CTRL (solid lines), SBUV (dotted lines), and MLS (dashed lines). The errors
are normalized by the independent data and are expressed as a percentage. Errors for the Southern-Hemisphere extratropics (30 °S–90 °S), the
Tropics (30 °S–30 °N) and the Northern-Hemisphere extratropics (30 °N–90 °N) are shown in the upper, middle and lower panels, respectively;
the mean and standard deviation of the errors are shown in the left and right columns, respectively. For the mean errors, positive values indicate
that the analysed ozone is less than the observed ozone. The Southern-Hemisphere and Tropics plots are compared to HALOE sunrise data, and

the Northern-Hemisphere plot to HALOE sunset data.

levels, associated with the downward branch of the
Brewer–Dobson circulation. It is possible that this trans-
port is not accurately represented in the forecast model.
At other latitudes, photochemical changes in ozone would
dominate over transport-induced changes, but in the polar
night chemical lifetimes are very long (e.g. McCormack
et al., 2006; Geer et al., 2007). These differences in
ozone have small impacts on HALOE and EOS MLS
errors (Figures 3 and 4, respectively) at these levels, the
most obvious being a reduction in HALOE error standard
deviation.

4.2. Low-ozone events in the southern polar
stratosphere

Orsolini et al. (2003) and Orsolini and Nikulin (2006)
have documented LOEs in the northern summer polar

stratosphere. Summertime ozone loss via gas-phase
chemistry is dominated by nitrogen and hydrogen cat-
alytic cycles, which are very efficient at very high lat-
itudes because of the long summer insolation. These
chemical conditions, combined with relatively quiet
dynamical conditions, allow a low ozone pool of air
to form (see also (Lahoz et al., 2007)). After forma-
tion, this low ozone can be transported to lower latitudes
by planetary-wave activity. Note that this transport can
take place in the mid-stratosphere (e.g. 30 hPa) above the
zero-wind line (Orsolini and Nikulin, 2006).

Transient column-ozone reductions occur in both
hemispheres and in all seasons in anticyclonic conditions
associated with an elevated tropopause. Such LOEs, or
ozone mini-holes, were first observed in the Southern
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Figure 4. Analysis errors (with respect to EOS MLS data) for the runs CTRL (upper panels) and MLS (middle panels), and the difference between
these runs (lower panels). The errors are normalized by the independent data and are expressed as a percentage. The mean and standard deviation
of the observation-minus-analysis values are shown in the left and right columns, respectively. The errors are averaged over the period from 26

January to 24 February 2005. The contour interval is 20%.

Hemisphere, and are prominent in the winter. Only
recently have summertime LOEs been studied. These
column-ozone reductions are accentuated when the pool
of low-ozone polar air moves aloft of the tropospheric
anticyclone, and the conjunction of these two events
(high tropopause and equatorward displacement of the
low-ozone polar pool) can give rise to extreme LOEs.

The summer Southern-Hemisphere LOEs produced by
MLS have many similarities to the events reported by
Orsolini et al. (2003). Figure 5 illustrates how each of

the analyses represents the LOE, using the example of
analysed ozone at 31 hPa on 11 February 2005. For MLS,
ozone over the pole is less than 2.0 ppmv, and tongues
of low ozone extending to lower latitudes indicate the
transport of low-ozone polar air by planetary waves. The
Ertel potential vorticity (PV) field at 650 K, which is
close to the 31 hPa level, indicates that the location of
the low-ozone tongues over South America and near
New Zealand is consistent with the atmospheric flow.
Similar features are seen on all other days in MLS. The
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Figure 5. Ozone at 31 hPa on 11 February 2005: runs CTRL (top-left), SBUV (top-right), and MLS (bottom-left). Also shown is Ertel PV at 650 K
on 11 February 2005 (bottom-right). Contour intervals: 0.5 ppmv for the ozone plots, 5PVU for the PV plot. This figure is available in colour

online at www.interscience.wiley.com/qj

location of these tongues varies from day to day, also
indicating the dynamical transport that is taking place.
The structure of the ozone field for CTRL in Figure 5
is quite similar to that for MLS. However, polar ozone
values are higher, being no less than 3.0 ppmv, and the
ozone in the tongues is also greater. In addition, these
tongues become increasingly more smeared (compared
with MLS) further away from the pole. This suggests that
the transport in the analysed wind fields is good enough to
represent the mid-stratospheric contribution to the LOE,
but that the model ozone photochemistry parametrization
scheme does not adequately represent the chemical loss
in the polar low-ozone pool.

Figure 5 also shows ozone analyses from SBUV. Ozone
over the pole is less than 3.0 ppmv, so the analysis is

doing a reasonable job of representing the LOE, but
it is not as deep as in MLS. However, the tongues of
low-ozone air extending to lower latitudes are poorly
represented. This suggests that these tongues have a
finer vertical structure than the low-ozone feature over
the pole (a fact confirmed by examination of ozone
analyses at adjacent lower-stratospheric levels), and that
the assimilation of the low-vertical-resolution SBUV data
acts to smear out these tongues. This may be because the
ozone background-error covariances, which distribute the
observation increments in the vertical, are not sufficiently
well represented.

Moreover, the location of the tongues of mid-latitude
low ozone will slowly vary with time as they are
transported, although the total-ozone field will also
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change in time because of the faster, large-amplitude
tropopause-level fluctuations. A comparison of the tem-
poral correlation between observed and analysed total-
ozone fields is thus an excellent way of validating the
analyses.

Figure 6 compares total ozone from the three analyses
with TOMS data, for a selection of Southern-Hemisphere
locations. All three analyses have higher total ozone than
TOMS. This may be because of errors in the tropospheric
ozone analysis, since model errors are likely to be larger
there and little or no tropospheric ozone observations
are assimilated. The bias for CTRL is larger than for the

other two runs. For some locations, MLS seems to spin
up faster than SBUV, so that in the first half of the run
the former analysis is much closer to TOMS whereas
in the second half the two analyses are quite similar.
Table I shows the temporal correlation between TOMS
and analysed total ozone, at the same locations as are used
in Figure 6. In general, the temporal correlation between
MLS and TOMS observations is considerably better than
for the other runs. An exception to this is over Argentina,
where the correlation at Buenos Aires is worse, and
that at Comodoro Rivadavia and Ushuaia only slightly
better. In general, Figure 6 and Table I suggest that MLS

Figure 6. Time series of TOMS total ozone (thick solid lines), and total ozone from runs CTRL (thin solid lines), SBUV (dotted lines) and MLS

(dashed lines), for selected Southern-Hemisphere locations. The latitudes and longitudes of these locations are given in Table I.
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Table I. Temporal correlations between TOMS total ozone and total ozone from runs CTRL, SBUV and MLS. Correlations that are
significant at the 99% level are shown in bold.

Station CTRL SBUV MLS

Durban (30.03 °S, 30.98 °E) 0.307039 0.315913 0.550679
Buenos Aires (34.58 °S, 58.48 °W) 0.148465 0.126044 0.038284
Comodoro Rivadavia (45.80 °S, 67.50 °W) 0.782571 0.742811 0.815503
Ushuaia (54.90 °S, 68.30 °W) 0.761555 0.725076 0.830977
Dumont d’Urville (66.07 °S, 140.02 °E) 0.232608 0.272033 0.748554
San Martin (68.13 °S, 67.11 °W) 0.372781 0.322257 0.891091

does a good job of representing ozone fluctuations at
very high latitudes, but that the transport of low ozone
values to lower latitudes is represented less well over
Argentina than over other locations. Also interesting is
that the correlation between TOMS and SBUV is often
poorer than that between TOMS and CTRL. Together with
the results from Figures 5 and 6, this indicates that the
assimilation of SBUV retrievals can degrade the LOE
structure preexisting in the background field.

4.3. Northern-Hemisphere polar ozone depletion

The 2004–2005 Arctic winter was very cold in the
lower stratosphere. The winter mean PSC volume was
the largest on record (Rex et al., 2006), and the period for
which 50 hPa temperatures were low enough for Type-
I PSC formation was the longest on record (Manney
et al., 2006). Thus the potential for significant strato-
spheric ozone depletion was large. Estimates of lower-
stratospheric ozone loss between early January and mid-
March 2005 vary between 30% and 60% (e.g. Jin et al.,
2006; Rex et al., 2006; von Hobe et al., 2006; Manney
et al., 2006). Here, it is illustrated that adding EOS MLS
data to the assimilation system improves the ability of the
assimilation system to represent such polar ozone deple-
tion.

Figures 1–4 illustrate that ozone in the northern
extratropical stratosphere is lower in MLS than in the other
two runs, and that the errors in this region are also smaller
in MLS. This is because of the different representations of
the ozone depletion due to heterogeneous chemistry in
the three runs. No parametrization of such ozone loss
appears in the forecast model, and so CTRL does not
represent this loss at all. In the other two runs, such loss
is represented via the assimilated SBUV and EOS MLS
data, and MLS does a better job of analysing this ozone
loss than does SBUV. We illustrate this further via Figure 7,
which shows Northern-Hemisphere ozone on the 750 K
isentropic surface (approximately 15 hPa, or 30 km) on
21 February 2005, for the three assimilation trials. Also
shown is the corresponding PV field for MLS. (Note that
this field is almost identical in all three runs, because
ozone/radiation interaction is omitted). The polar vortex
is indicated by the areas of strong horizontal gradient
in the PV field. Ozone fields on isentropic surfaces tend
to show strong correlations with the corresponding PV
fields (e.g. Allaart et al., 1993). In MLS, this is clearly the

case, since the shape of the polar vortex in the PV field
is quite well reproduced in the ozone field, with lowest
ozone values (less than 4.5 ppmv) inside the vortex and
a strong horizontal gradient near the vortex edge. This
suggests that heterogeneous ozone destruction is taking
place largely within the vortex, where temperatures are
lowest, and that the strong gradient of PV at the vortex
edge is inhibiting transport of this ozone-poor air out of
the vortex.

For SBUV, the ozone field at high latitudes is somewhat
similar to that of MLS, but the ozone gradient at the vortex
edge is weaker, and ozone mixing ratios within the vortex
are generally higher. At very high latitudes, the solar
zenith angle is very high, and hence many of the SBUV
data are blacklisted by the assimilation scheme. This fact,
together with the poorer vertical resolution of SBUV
compared with EOS MLS, seems to explain this poorer
representation of ozone loss. In CTRL, the horizontal ozone
gradients seen in MLS and SBUV are absent. This is not
surprising, since the only representation of polar ozone
loss in CTRL will be from the climatology used to initialize
the run. This will be negligible, since that climatology is
a zonal-mean monthly mean and is chiefly derived from
1980s data. However, for CTRL, the lowest ozone values
are seen over the northern Pacific and northern Atlantic,
and the shape of these features bears some resemblance
to the low-ozone features seen in MLS and SBUV. These
patterns indicate the mean diabatic descent that the initial
ozone field has undergone since the start of the run.

The quality of the ozone analysis can also be illustrated
by comparing ozone profiles from the analyses and
from ozonesonde measurements. Figure 8 shows ozone
profiles at Ny Aalesund and Prague on 21 February 2005.
At Ny Aalesund, the ozonesonde profile in the lower
stratosphere indicates both ozone depletion and smaller-
scale vertical structure. This may be due to the presence
of gravity waves, or to the transport of laminae of ozone
within the vortex. The MLS run represents the ozone
depletion and small-scale structure very well, but SBUV

fails to represent these features (as does CTRL, which is
similar to SBUV, but is omitted from Figure 8 for clarity).
For the Prague profile, we focus on the region above
30 hPa. As indicated by Figure 7, this region is located
near the edge of the polar vortex on this day, and MLS

shows a strong horizontal gradient in ozone near Prague.
Figure 8 suggests that the location and strength of this
gradient is correct, since the agreement between sonde
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Figure 7. Ozone on the 750 K isentropic surface on 21 February 2005: runs CTRL (top-left), SBUV (top-right), and MLS (bottom-left). Also shown
is the Ertel PV field at 750 K (bottom-right). This figure is available in colour online at www.interscience.wiley.com/qj

and MLS ozone is very good. Figure 7 also shows that
the gradient in ozone near Prague is weaker in SBUV, and
nearly zero in CTRL. The underestimation of the gradient
means that ozone over Prague in these two runs is too
large (as seen for SBUV in Figure 8).

4.4. Tropical UTLS

Figure 2 shows that analysed ozone near the tropical
tropopause is overestimated by more than 70% in CTRL

and SBUV, and that this bias is reduced by over 50%
when EOS MLS data are also assimilated. The stan-
dard deviation of these errors is also much smaller

in MLS than in the other two runs. In similar exper-
iments where MIPAS ozone profiles are assimilated,
Geer et al. (2006a) report that ozone near the tropical
tropopause is overestimated by around 40%. Therefore,
it appears that EOS MLS data have a larger benefit than
MIPAS data for the quality of the ozone analysis in
this region. EOS MLS and MIPAS observation errors
are generally quite similar in this region – MIPAS obser-
vation errors below 20 km are 5%–10% (random) and
8%–20% (total) (Raspollini et al., 2006), and the EOS
MLS retrieval accuracy is around 5%–10% in the strato-
sphere and considerably higher in the upper troposphere
(Livesey et al., 2005) – so this is unlikely to explain the
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Figure 8. Ozone profiles from ozonesonde observations (solid lines), run SBUV (dotted lines), and run MLS (dashed lines), on 21 February 2005,
at Ny Aalesund (78.93 °N, 11.95 °E) (left) and at Prague (50.01 °N, 14.45 °E) (right).

differences between the EOS MLS and MIPAS analyses.
However, MIPAS retrieval profiles are reportedly rather
noisy (e.g. Geer et al., 2006a), and this may degrade the
quality of the ozone analysis.

Another possible reason for the difference between
the MIPAS and EOS MLS ozone analyses is that there
are 4–5 times as many EOS MLS observations as
MIPAS observations per day. A further assimilation trial
was run in which only a quarter of the EOS MLS
observations were used in the assimilation. This was done
to approximate the MIPAS data coverage. However, the
results were nearly identical to those for MLS; therefore
the good performance of MLS near the tropical tropopause
is not related to the greater density of EOS MLS
observations.

Next, we further investigate the differences between
the MLS analyses and the CTRL and SBUV analyses in the
tropical UTLS. Geer et al. (2006a) attribute the poor
tropical UTLS ozone analyses to poor transport. It is
well known that tropical wind analyses can be poor
(e.g. Žagar, 2004), and the effect of these winds when
used to transport atmospheric tracers can be to produce
excessive horizontal mixing between the Tropics and
the extratropics and excessive vertical mixing between
the UTLS and higher stratospheric levels (e.g. Schoeberl
et al., 2003). Much of the degradation in the tropical
wind analyses is believed to be related to the erosion
of mass–wind balance that can happen during data
assimilation when an analysis increment is added to a
well-balanced background field. Thus, to assist in our
investigation we also look at the performance of a long
model forecast run (MOD). This run is initialized on 25
January 2005 with the same data as for the assimilation
runs, and a 30-day forecast, without any data assimilation,
is run through to 24 February 2005.

The zonal-mean structure of the MOD ozone field near
the tropopause (not shown) is similar to that for CTRL and
SBUV (Figure 1). The vertical gradient here is weaker than
for MLS; this may indicate excessive transport of ozone
across the tropopause. Comparisons with ozonesonde
data (not shown) indicate that, like the ozone in CTRL and
SBUV, MOD ozone is greatly overestimated in the tropical
tropopause region.

Focusing now on the horizontal structure, Figure 9
shows analysed and model ozone fields at 100 hPa at
low latitudes on 13 February 2005. This figure shows
that the ozone in MOD, CTRL and SBUV in this region is
clearly greater than in MLS; this is consistent with previous
figures, which show that the former runs overestimate
ozone here far more than MLS does. The MOD and MLS

fields at the Equator are fairly uniform, but the level of
zonal asymmetry in the CTRL and SBUV fields is much
larger. This is confirmed by the fact that the standard
deviation of ozone at low latitudes is around twice as
large for CTRL and SBUV as for MOD and MLS. Note that
this pattern of differences between the runs is seen on
most days in the analysis period, not just 13 February
2005.

The increased variance in CTRL and SBUV is largely a
result of the emergence of relatively small-scale features,
such as the very low ozone east of Africa and in the
equatorial Pacific and increased ozone over northern
Australia. These features are not present in MOD or MLS.
An examination of temperature fields at 100 hPa shows
that east of Africa and in the equatorial Pacific the
are also low temperatures that are indicative of tropical
convection and ascent. In all the assimilation runs, the
temperature in these regions is more than 5 K lower than
in MOD, and has considerably more localized structure. It
is assumed that this structure is related to the erosion of
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Figure 9. Ozone at 100 hPa between 30 °S and 30 °N on 13 February 2005, from runs (top to bottom) CTRL, SBUV, MLS, and MOD. The contour
interval is 0.05 ppmv; high ozone is shown in red and low ozone in blue. This figure is available in colour online at www.interscience.wiley.com/qj

balance in the assimilation runs. The regions of localized
low temperature in the assimilation runs also indicate that
ascent there is likely to be stronger, and the transport
of ozone-poor air from lower levels to 100 hPa will
be greater, and also more localized. This explains the
localized regions of low ozone seen east of Africa and
in the equatorial Pacific in CTRL. Since ozone errors for
this run are high in this region, it is assumed that these
features are erroneous. The presence of such low-ozone
features in SBUV indicates that the assimilated SBUV data
are too sparse to correct these low ozone amounts, or
indeed to address the bias present in the background
ozone field. In MLS, however, the greater quantity and
higher vertical resolution of the assimilated EOS MLS
data mean that the associated analysis increments remove
the low, erroneous, ozone features seen in CTRL and SBUV.

Since the mean and standard deviation of the MLS ozone
errors in the Tropics at 100 hPa are considerably smaller
than for the other runs, it is reasonable to assume that the
MLS structure in Figure 9 is closer to reality than that of
the other three runs. The fairly uniform structure of the
MLS ozone field around the Equator at 100 hPa concurs
with studies such as (Thompson et al., 2003), which
shows that the observed ozone field in the equatorial
UTLS has a fairly small zonal variance. Therefore it is
reasonable to conclude that the low-ozone features seen in
CTRL and SBUV, for example east of Africa, are erroneous

and related to a lack of balance between the analysed
mass and wind fields. The assimilation of EOS MLS data
strongly reduces the analysis error associated with these
features, as well as any larger-scale errors arising from
the background ozone field.

4.5. Results from other periods

Ideally, CTRL, SBUV and MLS would be run for different
seasons and years in order to investigate how the impact
of EOS MLS observations on the ozone analyses is influ-
enced by seasonal and interannual variability. Unfortu-
nately, the computational expense of data-assimilation
trials makes this unfeasible. Instead, MLS has been run
for two further periods: 2–31 January 2006 and 5–30
June 2006. In Figure 10, mean errors (with respect to
ozonesonde observations) for these runs are compared
to CTRL and MLS errors for the period 26 January to 24
February 2005. Note that in this figure the errors for the
winter and summer extratropics are plotted on the same
panels. For the summer extratropics and the Tropics, the
MLS errors for all three periods are fairly similar, and are
considerably smaller than the CTRL errors, particularly in
the UTLS region. The standard deviations of the errors
for MLS are also smaller than for CTRL (not shown), in
general. These results suggest that the good representa-
tion of the summer stratosphere LOEs and of the tropical
UTLS ozone structure seen in January–February 2006 in

 Crown Copyright 2007. Reproduced with the permission of Her Majesty’s Stationery Office. Q. J. R. Meteorol. Soc. 133: 1771–1788 (2007)
Published by John Wiley & Sons, Ltd. DOI: 10.1002/qj



ASSIMILATION OF EOS MLS OZONE 1785

Figure 10. Mean analysis errors (with respect to ozonesonde data), for the runs CTRL (thick solid lines) and MLS (thick dashed lines), for the
period 26 January to 24 February 2005, run MLS for the period 2–31 January 2006 (thin dashed lines), and run MLS for the period 5–30 June
2006 (thin solid lines). The errors are normalized by the independent data and are expressed as a percentage. Errors for the Southern-Hemisphere
extratropics (30 °S–90 °S), the Tropics (30 °N–30 °S) and the Northern-Hemisphere extratropics (30 °N–90 °N) are shown in the top-left, top-right
and bottom panels, respectively. Northern-Hemisphere (Southern-Hemisphere) extratropical errors for the period 5–30 June 2006 are plotted
next to the Southern-Hemisphere (Northern-Hemisphere) extratropical errors for the other periods. Positive values indicate that the analysed

ozone is less than the observed ozone.

MLS (as discussed in Sections 4.2 and 4.4) is not just a
one-off, but occurs in all three periods examined.

For the winter extratropics, it can be seen that the mean
errors in January–February 2005 and 2006 in MLS in the
lower stratosphere are fairly similar, and are generally
smaller than the errors for CTRL. This suggests that the
addition of EOS MLS data to the assimilation also
improves the analysis of polar ozone depletion in 2006.
For June 2006, the mean errors of MLS above 50 hPa are
also fairly similar to those in January. However, below

50 hPa the mean error is much larger than for all other
runs, indicating a potential problem in the assimilation at
these levels which may merit further investigation.

5. Conclusions

In this paper we have demonstrated the benefits of
adding EOS MLS ozone profiles to the Met Office ozone
data-assimilation system. When EOS MLS observations
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are included, mean analysis errors, and the analysis
error standard deviation, are found to be consider-
ably smaller than in other runs where only SBUV
ozone data are assimilated (SBUV), or where no ozone
data are assimilated (CTRL). Compared with the lat-
ter runs, mean errors for MLS drop by 5%–25% in
the Southern-Hemisphere extratropical stratosphere, by
around 10% in the Northern-Hemisphere extratropi-
cal stratosphere, and by around 50% (with respect to
ozonesondes) in the tropical UTLS. Such reductions in
errors indicate the high quality of the EOS MLS dataset.
The experiments have been run using version 1.51 or
version 1.52 EOS MLS retrievals. These have recently
been superseded by version 2.2 retrievals, which typically
have smaller errors. Repeating the assimilation experi-
ments with version 2.2 data could lead to even better
results than those presented here.

Further investigation shows that the improved ozone
analyses in the Southern Hemisphere largely result from
a much better representation of summertime LOEs. The
structure of these phenomena has been documented
by Orsolini et al. (2003) in a study of LOEs in the
northern summer stratosphere. This is the first time
that summer LOEs in the southern stratosphere have
been reported. These LOEs are present in MLS for both
January–February 2005 and January 2006 (latter results
not shown). A full examination of the LOEs in both
years will appear in a later paper. Typically, in the
lower stratosphere one sees low ozone over the pole and
tongues of low ozone drawn out to lower latitudes. The
tongues appear because of the transport of the ozone-
poor polar air by planetary waves. Both MLS and CTRL

reproduce this structure well, but the depth of the LOE
is underestimated in CTRL. This suggests that the model’s
ozone photochemistry parametrization scheme does not
adequately represent the chemical ozone loss within the
summer low-ozone polar pool. In contrast to MLS and
CTRL, SBUV fails even to adequately represent the structure
of the LOEs. It appears that the low vertical resolution
of the SBUV data assimilated leads to a smearing of any
realistic ozone structure present in the background field.
This smearing is likely to be related to the specification
of the ozone background-error covariances. This is a
difficult problem to overcome in data assimilation, but
it appears that the high horizontal and vertical resolution
of the EOS MLS data, and their low biases, mean that
this problem can be circumvented.

In the Northern Hemisphere, the addition of EOS MLS
data to the assimilation system leads to a better repre-
sentation of winter polar ozone depletion. Comparison
of analysed and ozonesonde profiles at various locations
indicates that MLS in particular does well in representing
the strong gradient of ozone near the vortex edge. Such
a gradient is underestimated in the other two runs.

In the tropical UTLS, the assimilation of EOS MLS
data leads to a better representation of the strong vertical
gradient in ozone between the upper troposphere and the
lower stratosphere. The ozone analysis in this region
can be adversely affected by model transport errors,

and indeed the horizontal structure of ozone fields here
in CTRL and SBUV appears to be too noisy. The ozone
transport errors probably result from a lack of balance
in the assimilated mass and wind fields. The addition
of high-density, good-quality EOS MLS data alleviates
much of this error.

Furthermore, the MLS ozone analysis errors in the
tropical UTLS are considerably smaller than errors from
similar experiments made using MIPAS data (Geer et al.,
2006a). This may be because there is less vertical noise
in the EOS MLS ozone profiles. The MIPAS data are
generally considered to be a high-quality, very useful,
dataset, so this result underlines how good the EOS MLS
ozone retrievals are. Another point not considered is that
the MIPAS experiments of (Geer et al., 2006a) were
run for the period July–November 2003, whereas we
focus on EOS MLS results for January–February 2005.
Therefore, it is possible that interannual and seasonal
variability may account for the differences in the EOS
MLS and MIPAS results. This is hard to test rigorously,
since the observational datasets are generally not both
available for overlapping periods. However, we show
in Section 4.5 that most of the MLS errors are similar
whether the assimilation is run for January–February
2005, January 2006 or June 2006. This shows us that
the results presented here are robust. Of course, a more
complete assessment of the impact of EOS MLS data
on our ozone analyses would require assimilations to be
run for other seasons and longer periods. However, the
computational expense of this makes it difficult to achieve
quickly.

This paper also serves to highlight some of the exist-
ing weaknesses in the ozone assimilation system. These
include ozone transport errors resulting from the ero-
sion of mass–wind balance when analysis increments are
added to the system, and the inaccurate distribution of
SBUV analysis increments in the vertical, which is asso-
ciated with the specification of the ozone background-
error covariance, and which results in the smearing
of features in the ozone field such as the tongues of
ozone-poor air drawn into lower latitudes after an LOE.
Work is ongoing to address such problems. This work
includes developing a 4D-Var version of the ozone-
assimilation scheme, which may be better equipped to
preserve mass–wind balance than the current 3D-Var
scheme, and work to improve the accuracy of the ozone
background-error covariances.

The clear benefit that assimilation of EOS MLS data
provides to ozone analyses gives renewed hope that
such analyses may lead to improvements in NWP: in
particular, improved temperature analyses and forecasts
resulting from the ozone/radiation interaction. Cariolle
and Morcrette (2006) suggest that ozone observations
with a vertical resolution of around 1 km are required
in order to properly represent the ozone gradient in the
UTLS, and the associated radiative heating due to ozone.
The results presented here show that the addition of
EOS MLS data considerably improves the analysed ozone
gradient in the UTLS. Because of this, the investigation
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of the impact of the ozone/radiation interaction on NWP
forecasts is now an active area of Met Office research,
notwithstanding the fact that the vertical resolution of
the EOS MLS profiles is lower than the above figure.
Preliminary results show that forecast skill scores are
improved slightly when ozone analyses produced using
EOS MLS data are used in the forecast model radiation
scheme. It is also possible that the better representations
of horizontal structure in the ozone field, such as the
polar vortex edge, that result from the high-horizontal-
resolution EOS MLS observations may feed through to
improved analyses and forecasts of surface UV.
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